ABSTRACT: Micromegas detectors are an optimum technological choice for the detection of low energy x-rays. The low background techniques applied to these detectors yielded remarkable background reductions over the years, being the CAST experiment beneficiary of these developments. In this document we report on the latest upgrades towards further background reductions and better understanding of the detectors' response. The upgrades encompass the readout electronics, a new detector design and the implementation of a more efficient cosmic muon veto system. Background levels below 10 −6 keV −1 cm −2 s −1 have been obtained at sea level for the first time, demonstrating the feasibility of the expectations posed by IAXO, the next generation axion helioscope. Some results obtained with a set of measurements conducted in the x-ray beam of the CAST Detector Laboratory will be also presented and discussed.
Introduction
Low-mass and weakly interacting pseudoescalar particles are invoked in many extensions of the Standard Model, including string theory [1] . One prominent example of these particles is the axion, which arises in the most widely accepted solution to the strong CP problem [2] . The axion is naturally a very compelling candidate for constituting partially or totally the dark matter of the Universe [3, 4, 5] .
The detection of the axion could be within the reach of current or near future experiments. Axion helioscopes are an important category of experimental searches, which rely on the backconversion of axions generated in the Sun into x-rays by means of a laboratory magnetic field. The CERN Axion Solar Telescope (CAST) [6] is the most powerful implementation of a helioscope, setting leading limits in the axion-photon coupling for a wide range of axion masses. Two of the parameters driving the sensitivity of the experiment are the x-ray detection efficiency and the background level of the x-ray detectors. Three of the four CAST magnet bores are equipped with TPCs based on microbulk Micromegas readouts [7, 8, 9] , conceived to detect the converted photons in the 2-7 keV CAST Region of Interest (RoI). Two of the Micromegas detectors can operate in axion-sensitive mode (i.e. magnet pointing to the Sun) during the sunset and the other during the sunrise. Since the expected number of signal events is very low, the background level of the detectors must be reduced as much as possible. The discovery potential of an axion helioscope can be expressed in terms of a figure of merit, f , which it is inversely proportional to the minimal signal stregth to which the experiment is sensitive to, g −4 aγ . The contribution to f of the detectors and optics is
where ε d is the detectors' efficiency, ε o is the focusing efficiency, b is the normalized background level of the detector in area and time and a is the focusing area [11] . There are two complementary strategies to increase f DO : signal focalization and low background detectors. The first strategy is exemplified by the CCD+ABRIXAS telescope detection line in CAST [10] , while the second one by the other three detection lines based on low background Micromegas detectors. For the forthcoming data taking campaign there are plans to merge both strategies. This fact will increase the signal-to-noise ratio (S/N ratio) of the Micromegas detector. Additionally, it will also serve as a pathfinder project to test the technological options being proposed to build large scale, cost effective, x-ray optics with customized parameters for the recently proposed International Axion Observatory (IAXO) [11, 12] , the future axion helioscope. IAXO requirements highly motivate the development of low background x-ray detection strategies. The goal background level of IAXO is 10 −7 -10 −8 keV −1 cm −2 s −1 , while in CAST-2013, Micromegas detectors have already demostrated levels as low as 6×10 −7 keV −1 cm −2 s −1 .
The implementation of these strategies in CAST over the years, many of them imported from deep underground experiments (e.g. shielding design, radiopurity), have provided a background reduction of two orders of magnitude (see Fig. 11 ). The applied techniques that led to such reductions are explained in detail in a recent paper [13] . While the reader is referred to that document for a complete description of the CAST-Micromegas, a background model of the current detectors and an explanation of low background strategies, this document focuses on the very latest upgrades, tests and results of the CAST 2013 data taking campaign.
The last upgrades concern the readout electronics, presented in Section 2. The new detector design and the characterization of the first set of them is presented in Section 4. The effect on the CAST-Micromegas background level of the implementation of a dedicated custom-made cosmic muon veto is presented in Section 3. Finally, the characterization of CAST-Micromegas detectors using Particle Induced X-ray Emission (PIXE) to produce mono-energetic x-ray beams is presented in Section 5. The current lines of research towards lower backgrounds are described in Section 6, where we show the feasibility of fulfilling IAXO requirements.
CAST-Micromegas electronics upgrade
The readout electronics of the CAST-Micromegas detectors have been upgraded for the 2013 data taking campaign. The former Gassiplex-based electronics [14] have been replaced by the AF-TER chip based electronics developed for the readout of the large T2K time projection chambers [15, 16] . This readout system comprises modular fast electronics that amplify and digitize the pulse signal of every strip (see Fig. 2 , left), contrarily to the Gassiplex electronics that just provide the integrated value of the charge signal of each strip. The main component of this readout electronics is the 72-channel AFTER (ASIC For TPC Electronics Readout) chip. It is a very versatile electronics as several parameters are adjustable (sampling rate, shaping time, gain, test mode, etc.), allowing the optimization of the offline analysis. The Front End Card (FEC) comprises four of these chips, enabling to read 288 channels with a single board. CAST-Micromegas detectors have 106-120 Figure 1 . CAST-C3 Micromegas detector read out by AFTER-based electronics. The gray flat cables bring the strips' signals from the detector connector to the FEC (shielded in the picture with a copper plate) using a custom-made adaptor card. The HVs are supplied via the same printed circuit glued on the copper base. The signal induced on the mesh electrode after being preamplified is used for triggering the electronics. Data is gathered by the DAQ system via a standard network connection. strips in each axis, so a single FEC is enough to read out the whole detector. An adaptor board was designed and built to bring the CAST-Micromegas physical channels to the FEC by means of four ERNI-ERNI flat flexible cables (see Fig. 1 ). The AFTER ASIC has not autotrigger capabilities so an external trigger is generated from the amplified signal of the mesh, which is sampled at 1 GHz frequency in a 2.5 µs window by a 12-bit dynamic range VME digitizing board, the MATACQ (MATrix for ACQuisition) [17] . The AFTER ASIC collects and samples the detector signals continuously at 100 MHz in 511 samples per channel, recording a window of ∼5 µs, which is longer than the maximum drift time of the CAST-Micromegas detectors. When the readout electronics is triggered by the mesh pulse, the analog data from all the channels are passed to an ADC converter. A pure digital electronics card, the FEMINOS board [18] , gathers the data and performs pedestal subtraction. Finally, those samples whose value is above a user-defined number of standard deviations from the pedestals mean for each channel are sent to the DAQ system by means of a standard network connection, performing therefore an important data reduction.
The 3D reconstruction of an event is thus possible using the charge collected by every pad (strip) and the detector decoding. The spatial coordinates, x and y, are determined by the integrated charge collected by each strip, while the relative z position is determined from the temporal position of the strip pulses. The charge collection of each event is projected in both spatial and temporal directions. As an example, the resulting xz and yz projections acquired by the CAST-M10 detector and AFTER-based electronics are shown in Fig. 3 for a background event (calibration event of 55 Fe shown in inset for comparison), the colour scale representing the total charge. X-rays tipically generate cloud-like energy depositions. After projecting the charge both in spatial and temporal directions, single compact groups of charge depostitions (clusters) are found in x, y and z axis. Events with only one cluster per axis are accepted. Then, using 55 Fe calibrations runs, the observables that define a x-ray event are extracted (number of fired strips or temporal bins, pulse shape parameters, width in both spatial and temporal directions, charge balance between axis, etc.), and the selection criteria are defined. Finally, event selection is performed over the background events by applying these selection criteria. A more detailed description of the discrimination algorithms can be found in [13] and references therein.
This electronics readout system has been already used to characterize CAST-Micromegas spare detectors in different operation conditions [19] : in laboratory test-benches to develop low background techniques (see Section 4); and very recently, it has been installed in the three Micromegas detectors of the CAST experiment, showing good and stable performance (see Fig. 2 , right). In Table 1 , a comparison of the background levels obtained with Gassiplex and AFTER electronics is established for two different setups. In the first one, AFTER electronics is used as readout system of a CAST spare detector (CAST-M10) in a setup of the University of Zaragoza. Meanwhile, the Gassiplex electronics was simulated by reducing the temporal information to the charge's integral. In the second, the comparison is established between CAST-M18 during 2012 and 2013 CAST data taking campaign, when Gassiplex and AFTER electronics were used as readout system respectively. In both cases, the improvement in background level due to the electronics upgrade has thus been quantified in ∼25%. The rejection power with AFTER-based readout electronics is higher than with former Gassiplex readout electronics as a consequence of the improvement in S/N ratio of the strip signals with respect to the mesh pulse (the only source of temporal information with Gassiplex electronics). This fact allows to efficiently extend the cluster analysis to the temporal direction. It is worth noting that the background levels obtained with CAST-M10 are systematically higher than those obtained with CAST-M18 in equivalent shielding conditions. This is due to the better performance of CAST-M18 with respect to CAST-M10, which it is a much older detector with some strips not electronically instrumented for being in shortcut with the mesh.
Setup
Acquisition 
Cosmic veto implementation and results
In the 2012 upgrade of the sunset Micromegas, a preliminary scintillator veto with 44% geometrical efficiency for cosmic muons was installed. It produced a reduction of ∼25% in the background level. The event selection uses the recorded time difference between the signal in the muon veto and the delayed Micromegas trigger. The time difference distribution of the muon-induced events (see Fig. 4 , right) is a narrow window that represents the maximum drift time of the electrons in the chamber. Contrarily, the time difference distribution of the remaining background events follows a largely uniform distribution. The contribution of cosmic muons to background and its possible mitigation by means of higher efficient vetos has been evaluated in dedicated experimental setups. It was found that further reductions in background level were possible. Therefore, a higherefficiency system based on two plastic scintillators was designed, manufactured and installed in the experiment (for a schematic view of the design see Fig. 4 , left) during the 2013 summer. This installation required some changes in the allocation of the vacuum elements of the sunset line in order to increase the geometrical coverage above 90%. The results of the tests and final setup in CAST are summarized in As the Table 2 shows, the muon veto reduced the background level from (1.29 ± 0.05)×10 −6 to (6.6 ± 0.7)×10 −7 keV −1 cm −2 s −1 in the CAST RoI [20] . On the left of Fig. 5 the raw and final background energy spectra before and after the application of the veto cut are represented for the 2013 sunset CAST-M18 data [20] . Note that the background suppression achieved by the discrimination algorithms is of around three orders of magnitude. On the right of Fig. 5 , the same final spectra are represented in linear scale, showing more clearly the effect of the veto: the suppression of the copper fluorescence events at ∼8 keV and the corresponding escape peak and its complementary (5 and 3 keV respectively). The background level is for the first time below ∼10 −6 keV −1 cm −2 s −1 , a milestone in the CAST-Micromegas ultra-low background program and a step forward to the levels required by IAXO. The optimization of the discrimination criteria for the AFTER-based electronics is under development, so even lower values may be achievable. The reduction in background level represents an improvement of a factor 2 with respect to 2012 sunset Micromegas. The causes of the improvement are shared between the upgrade in the electronics described in Section 2 and the cosmic veto upgrade. Figure 5 . Background energy spectra of the CAST2013-M18 detector installed on the sunset side of the CAST magnet during the first ∼446 hours of the 2013 data taking campaign before (blue) and after (red) the application of the veto cut. On the left, the background level is represented in logarithmic scale to ilustrate the raw background suppression, while on the right the attention is focused on the effect of the veto cut [20] .
It is worth noting that this level has been obtained with TPC-cathodes made out of aluminum instead of the more radiopure copper, due to technical reasons. The contribution to background of the aluminum cathode was evaluated in a dedicated setup in the Canfranc Underground Laboratory (LSC), and was assessed to be at a level ∼3-5×10 −7 keV −1 cm −2 s −1 [13] . The replacement of this cathode by a copper one will very likely imply an additional improvement that will allow approaching the current best background level achieved by a Micromegas detector underground (∼10 −7 keV −1 cm −2 s −1 [13] ). With this replacement, the reduction in background level due to the veto of the sunset setup will very likely be higher than 70%, instead of the 46% currently obtained.
Design and 55 Fe characterization of new CAST-Micromegas detectors 4.1 Design and implementation
A newly designed CAST-Micromegas detector has been installed at the sunrise side in 2013. The improvements in the design are based on the current picture of the background model [13] . Therefore, the goal of the upgrade is to produce a detector with the highest possible radiopurity and shielding, and with improved TPC properties. All the detector materials have been screened and selected for radiopurity: pure copper is the base material of the chamber structure, polytetrafluoroethylene (PTFE) is used for electric insulation and sealing, and polyimide is used as substrate for printed circuits. All these materials have well-known low intrinsic radioactivity [21] , and have replaced the less radiopure components of previous designs. The gas chamber, Faraday cage and inner shielding are completely integrated in the new detector design (see Fig. 6 , left). The former plexiglas body of the TPC has been replaced by a 18 mm thick copper one. This fact allows to relax some mechanical constraints enabling a thicker and more efficient lead shielding. The support base on which the Micromegas is glued is also made of copper, minimizing the signal extraction outlet. It is worth noting that the printed board brings out of the shielding not only the Micromegas signals (mesh and strips) but also the drift high voltage connections. The electrical connections, being a potential source of radioactivity [21] , are in this way moved away from the detector body, without the need for exit points in the shielding. A new cylindrical drift field shaper has alplso been designed, printed on a flexible multilayer circuit with polyimide as substrate. The outer side of the circuit is used to bring the HV connections from the detector board to the field-shaper traces and to the drift cathode. An inner PTFE foil blocks the fluorescence from these traces without disturbing the field lines. The readout pattern has been barely modified with respect to previous CAST-Micromegas designs. The new detectors still use the microbulk technology. The properties and performance of microbulk Micromegas demonstrate that they are the optimum choice for CAST purposes [22, 23] . The amplification gap is kept at 50 µm, while the number of strips per axis is slightly increased (from 106 to 120) in a 60×60 mm 2 readout area (500 µm pitch). The main novelty is that the printed board contains not only the 120×120 anode channels but also the traces for the mesh and the drift high voltages. The anode traces end in a multi-pin connector situated ∼10 cm away from the detector chamber. An adaptor board and high-density flat flexible cables are used to bring the signals from the detector to the FEC, which can now be situated tens of centimeters far from the detector chamber (see Fig. 6, right) . This fact minimizes the potential contribution to the background level due to the radioactivity of electronic components given that rigid PCBs main insulating component (FR4) is know to be non radiopure [21] . A dedicated setup in the LSC facilities is being installed to quantify the contribution of the electronic components to the background level.
In the future, towards 2014, the installation of a dedicated x-ray focusing device [24] coupled to the Micromegas detector will enable the use of a much smaller window, given that x-rays produced by back-conversion of solar axions in the CAST magnet will be focused on a spot of a few mm 2 , to be compared with the current sensitive area of 14.5 cm 2 . Therefore, the outer diameter of the vacuum pipe that couples the detector to the x-ray focusing device will be also much narrower. This fact, together with the shift of the focal point with respect to the magnet axis introduced by the optics, removes many of the mechanical constraints limiting the efficiency of the shielding. The lead shielding of the sunrise CAST-Micromegas detector for 2014 will be 10 cm thick, instead of the ∼5 cm of the present setup, and it will be extended a few tens of centimeters along the vacuum pipe providing better solid angle coverage. In addition, the vacuum pipe will be made out of copper (with a PTFE foil in the inner surface to block the 8 keV fluorescence) instead of stainless steel (whose fluorescence lines are in the 5-7 keV range, inside the CAST RoI).
Characterization with a 55 Fe source
Three of these new detectors (CAST-C1, -C2 and -C3) have been built and characterized using the 5.9 keV x-rays of a 55 Fe source in Ar+2.3%iC 4 H 10 at 1 bar. All the detectors have a sensitive surface large enough to cover the axion-sensitive area, i.e. the magnet cold bore, 14.5 cm 2 (as an example see CAST-C3 hitmap on the left of Fig. 7) . Firstly, the drift field was varied at a fixed mesh voltage (300 V). The voltages applied to the cathode typically ranged from 350 to 650 V and the bias of the field shaper was varied accordingly to maintain a uniform electric field. These tests were done to obtain which is the optimum ratio of drift-to-amplification field for a maximum mesh transparency to primary electrons. The electron transmission curve obtained for one of these detectors is shown on the right of Fig. 7 , compared to the one obtained for the CAST-M18 detector. Although the range of drift fields over which we conducted the tests is reduced due to technical difficulties when applying high voltages, a clear plateau of maximum electron transmission is observed for all the detectors. At high drift fields, the mesh stops being transparent for primary electrons in both detectors, but the plateau is larger in the new one. This is fact may be attributed to the fact that the spacing between readout pads has been notably reduced in the new detectors (from 50 to 30 um). Figure 7 . Left: hitmap distribution generated by 55 Fe calibration events of the CAST-C3 detector (strip pitch is 500 um). The orthogonal shadowed lines correspond to strong-back support of the x-ray entrance window. Right: dependence of the electron transmission with the ratio of drift and amplification fields for the new microbulk CAST-C1 detector at 1 bar. A curve of the old-type CAST-M18 detector is also shown for comparison. The gain has been normalized to the maximum of each series.
Once the optimum ratio of drift-to-amplification field is determined for every detector, the mesh voltage is varied from ∼280 V to ∼310 V to obtain the gain curves shown in the left of Fig. 8 . The curves reflect the dependence of the amount of charge collected by the strips for a 5.9 keV event with the mesh voltage. The maximum gain before the spark limit is around 10 4 . The dependence of the strips energy resolution with the amplification field, and more specifically with the gain, is shown on the right of Fig. 8 . At low gain, the energy resolution worsens due to a worse S/N ratio; while at high gains, the energy resolution degrades due to larger gain fluctuations [25] .The CAST-C3 detector shows an energy resolution considerably better than the rest of the detectors of the series, reaching 14.7% FWHM at 5.9 keV. This is due to the fact that CAST-C1 and CAST-C2 detectors present several strips shortcircuited among them, due to a failure in the manufacturing process. Even if the best values observed for microbulk detectors are ∼11% FWHM 1 [26, 9] , the CAST-C3 energy resolution is a very remarkable value given that a large area is illuminated and no fiducialization has been applied, showing the high uniformity of the charge amplification over the detector surface.
Micromegas characterization in a x-ray beam line
A set of dedicated measurements using an electron beam based on PIXE (Particle Induced X-ray Emission) in the CAST Detector Laboratory at CERN [27] has allowed to calibrate the CASTMicromegas detectors at several x-ray energies, using the fluorescence lines of different target materials (see Fig. 9 , left). These measurements provide a better characterization and understanding of the detector response as a function of the incident x-ray energy. The dependence of the energy resolution of the strips signals with the incident x-ray energy is shown on the right of CAST-C3 Figure 9 . Left: calibration energy spectra of the CAST-M18 detector installed in the x-ray beam of the CAST Detector Laboratory. Several materials were used as targets of the PIXE system to better scan the CAST energy RoI. Right: dependence of the energy resolution registered by the strips with the incident x-ray energy for three CAST-Micromegas detectors.
The applications of these type of measurements are multiple. On one hand, the integrated signal efficiency over the CAST RoI, a parameter that enters into the calculation of the upper limit to the axion-to-photon coupling constant, can be evaluated on basis of experimental data. Formerly, this parameter was calculated using MonteCarlo simulations of the x-ray energy deposition and electronic signal generation on the electrodes of the Micromegas detector [28] . A comparison between the simulated and the experimentally measured signal efficiency is shown on the left of Fig. 10 , using an analysis that guarantees fixed efficiencies for the two energies available with the typical 55 Fe calibrations (3 and 6 keV), which are daily done during the running periods of the experiment. The results, although dependent on the discrimination algorithms applied, generically show that simulated and experimental data reasonably agree below 6 keV, but they highly differ above that energy. While the signal efficiency for the simulated data decrease very slightly above 6 keV, the experimental efficiency drops much faster. The divergence is attributed to an over idealistic signal generation in the simulated data. On the other hand, it allows to study the dependence of the distribution of the observables used in the CAST analysis with the incident x-ray energy (an example is shown on the right of Fig. 10 ). These dependences may be applied to the development of more efficient energy-dependent discrimination algorithms. Figure 10 . Left: comparison between the simulated and experimentally measured signal efficiency for two different sets of fixed efficiencies at 6 and 3 keV, the main and escape peak of a 55 Fe calibration source. Right: distribution of usual observables used in the CAST analysis for three different target materials.
Future prospects
The vacuum run in CAST in 2014 will allow testing a dedicated x-ray focusing device coupled to a Micromegas detector. This means merging the two main CAST innovations regarding low energy x-ray detection, and will yield an increase of sensitivity. The x-rays coming from the CAST magnet will be focused in a spot of a few mm 2 , in comparison with the current sensitive area of 14.5 cm 2 .
As mentioned in Section 3, the replacement of the aluminum cathodes by the more radiopure copper ones in the sunset detectors will lead to background levels close to the best values obtained underground and to the IAXO requirements (see Fig. 11 ). In order to reach these levels there are still open research lines that are being actively studied both at sea level and in deep underground setups. The underground setup at LSC has proven background levels down to ∼ 10 −7 keV −1 cm −2 s −1 even with Gassiplex readout electronics. A future upgrade to AFTER-based electronics will allow to apply the new discrimination criteria using the extra gathered information. Besides, this upgrade will enable moving away the electronic system (not screened for radiopurity) from the detector chamber. A thicker external shielding will possibly be necessary in order to reveal a new background limit. On top of this, a new neutron-shielding based on a low Z material to moderate them (typically water or polyethylene) and a neutron absorber (typically cadmium) could be tested, as well as an active muon veto system.
In parallel, the development of more radiopure materials for the Micromegas manufacturing and the production of segmented mesh detectors [29] are under study. More radiopure raw materials and mass minimization can lower the limit imposed by the intrinsic radioactivity of current detectors.
Conclusions
The Micromegas detectors have demostrated to be an optimal technological choice for low background x-ray detection, as the evolution of CAST-Micromegas background level shows. In this document, the latest upgrades and tests towards background minimization and better understanding of the detector response have been described. Background levels below 10 −6 keV −1 cm −2 s −1 have been achieved for the first time at sea level by means of a highly efficient cosmic muon veto system. The optimization of the discrimination criteria with the AFTER-based electronics is under development, so even lower values are anticipated. Nevertheless, there are still open lines for improvement. The characterization and properties of the new detectors, whose design is presented in Section 4, make them the baseline design for the future low energy x-ray Micromegas detectors. The demonstrative plans towards the required levels of IAXO have been presented in Section 6. These plans comprise new x-ray focusing devices coupled to the Micromegas detectors, upgrades in passive and active shielding in underground and surface tests, and the use of even higher radiopure materials.
